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Abstract
Background—Antibody-mediated rejection (AMR) after lung transplantation remains
enigmatic, and there is no consensus on the characteristic clinical, immunological, and histological
features.

Methods—We performed a retrospective, single-center cohort study and identified cases of acute
AMR based on the presence of circulating donor-specific human leukocyte antigen (HLA)
antibodies (DSA), histologic evidence of acute lung injury, C4d deposition, and clinical allograft
dysfunction.

Results—We identified 21 recipients with acute AMR based on the above criteria. AMR
occurred a median 258 days after transplantation; 7 recipients developed AMR within 45 days of
transplantation. All patients had clinical allograft dysfunction, DSA, histology of acute lung
injury, and capillary endothelial C4d deposition. Fifteen recipients improved clinically and
survived to hospital discharge, but 6 died of refractory AMR. One survivor had BOS at the time of
diagnosis of AMR; 13 of the 14 remaining survivors developed chronic lung allograft dysfunction
(CLAD) during follow-up. Overall, 15 recipients died during the study period, and the median
survival after the diagnosis of AMR was 593 days.

Conclusions—Acute AMR can be a fulminant form of lung rejection, and survivors are at
increased risk of developing CLAD. The constellation of acute lung injury, DSA, and capillary
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endothelial C4d deposition is compelling for acute AMR in recipients with allograft dysfunction.
This clinicopathological definition requires validation in a multicenter cohort but may serve as a
foundation for future studies to further characterize AMR.

Introduction
Lung transplantation is the ultimate treatment for patients with end-stage lung disease.
However, long-term outcomes remain disappointing; the median survival after
transplantation is approximately 5.5 years (1, 2). Graft failure as a result of chronic lung
allograft dysfunction (CLAD) and bronchiolitis obliterans syndrome (BOS) accounts for
over 40% of deaths beyond the first year after transplantation (2). Traditionally, organ
rejection has been regarded as a T-cell mediated process. Indeed, standard
immunosuppressive therapy, targeting T-cell proliferation and function, has made organ
transplantation a clinical reality (3, 4). However, a potential role for antibodies in graft
rejection has long been suspected because antibodies to human leukocyte antigens (HLA)
are often detected in patients with rejection (5-9). Furthermore, HLA antibodies are known
to cause hyperacute, acute, and chronic antibody-mediated rejection (AMR) after kidney
transplantation (10).

AMR after lung transplantation remains enigmatic (11). The diagnostic criteria for lung
allograft rejection were revised in 2007 classifying four forms of rejection: acute rejection,
lymphocytic bronchiolitis, obliterative bronchiolitis, and chronic vascular rejection (12).
However, there was no consensus on the histologic and immunologic features of AMR.
Nevertheless, although hyperacute rejection, caused by preformed donor-specific antibodies
(DSA), is rare, it is a widely accepted form of lung rejection (13-15). This demonstrates that
antibodies can cause fulminant lung allograft failure. In addition, multiple reports from
different centers have described clinicopathological findings consistent with acute AMR
(16-20).

The National Conference to Assess Antibody-Mediated Rejection in Solid Organ
Transplantation proposed a general paradigm of humoral responses applicable to all organs
to facilitate further study (21). According to these guidelines, AMR is defined by circulating
DSA, C4d deposition, tissue pathology, and clinical allograft dysfunction. The International
Society for Heart and Lung Transplantation (ISHLT) Pathology Council recently published
a summary statement on the pathology of AMR concluding that pulmonary AMR requires:
clinical allograft dysfunction, circulating DSA, and pathologic findings (22). In this study,
we review a series of cases that fulfill the criteria put forth by both the National Conference
and the ISHLT Pathology Council and propose a clinicopathological definition for acute
AMR after lung transplantation.

Methods
Study design and case identification

We conducted a retrospective cohort study to characterize the clinicopathological features of
acute AMR after lung transplantation. Between 1/1/2004 and 6/30/2012, 484 adults
underwent 501 lung transplant procedures at Barnes-Jewish Hospital; 17 patients underwent
re-transplantation. We identified 86 recipients who developed acute allograft dysfunction of
unclear etiology during this time period (Figure 1). These cases were characterized by
dyspnea, hypoxemia, and pulmonary infiltrates without clinical evidence of infection.
Although acute cellular rejection was present in 12 of the 86 cases, the severity of rejection
(ISHLT grade A1 or A2) did not explain the clinical findings. Among the 86 cases, we
identified 21 that fulfilled all criteria for AMR proposed by the National Conference (20)
and the Pathology Council (22) including allograft dysfunction, DSA, tissue pathology, and
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C4d deposition. Of the 65 cases that were excluded, 26 had concomitant DSA, 24 had no
DSA, and 15 were not tested. Of the 26 recipients who had DSA, 17 did not have C4d
deposition, 3 did not have a lung biopsy performed, and 6 did not have C4d staining
performed (Figure 1). Our institutional Human Research Protection Office approved this
study as part of our Lung Transplant Registry protocol.

Clinical management
We have previously detailed our general management protocol (23). Briefly, all patients are
screened for preformed HLA antibodies using the LABScreen® Single Antigen assay before
transplantation, and donor lungs are accepted only if a virtual crossmatch with all previously
identified antibodies is compatible; a direct crossmatch is performed at the time of
transplantation. After transplantation, recipients are screened for DSA using the
LABScreen® Single Antigen assay at the time of surveillance bronchoscopy and if they
develop signs of allograft dysfunction, including dyspnea, pulmonary infiltrates, hypoxemia,
or a decrement in lung function. Our center's HLA lab defines DSA positivity as donor-
specific reactivity with a mean fluorescence intensity (MFI) ≥ 2000. In general, we evaluate
allograft dysfunction with chest imaging, blood assay for cytomegalovirus (CMV)
polymerase chain reaction (PCR), nasopharyngeal swab for direct fluorescent antibody
(DFA) staining for respiratory viruses, and bronchoscopy with transbronchial lung biopsies
and bronchoalveolar lavage (BAL) for microbiological studies.

Bronchoscopy and pathology
In general, we obtain at least 10 transbronchial biopsies during each bronchoscopy to submit
at least 5 specimens of alveolated parenchyma for histologic interpretation. Three levels are
cut from the paraffin block, and sections are stained with hematoxylin and eosin (H&E). A
pathologist interpreted the histology according to ISHLT guidelines (12). When there was
clinical concern for AMR, C4d evaluation was performed using immunohistochemistry.
This technique tends to show less background staining compared with immunofluorescence.
A rigorous comparison of these two techniques has not been performed. However, the
diminished background staining observed using immunohistochemistry creates a more
readily interpretable stain. C4d was considered positive when staining in a circumferential
capillary sub-endothelial pattern was present.

Statistical analysis
We characterized patient demographics using descriptive statistics. Continuous variables are
represented as mean±standard deviation. We evaluated freedom from CLAD and survival
after the diagnosis of AMR using the Kaplan-Meier method and groups were compared
using the log-rank test. We conducted the statistical analysis using GraphPad Prism 5.0f for
Mac OSX (GraphPad Software, San Diego,CA).

Results
During the study period, we identified 21 cases that fulfilled all criteria for AMR proposed
by the National Conference and the ISHLT Pathology Council. Follow-up was complete
through 12/31/2012. Patients' demographics were typical of a cohort of adult lung transplant
recipients at our center (Table 1). The control and AMR groups were generally similar, but
the AMR group was younger (Table 1). All 21 recipients had negative virtual and direct
crossmatches at the time of transplantation. All recipients were treated with induction and
triple-drug maintenance immunosuppression (Table 2).

Recipients developed AMR a median 258 days (mean 364±402) after transplantation.
Fourteen recipients presented in the first year after transplantation and 7 presented beyond
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the first year. All recipients were hospitalized for breathlessness and hypoxemia at
presentation. Chest radiographs demonstrated diffuse pulmonary infiltrates in all cases, and
14 of the 21 recipients required invasive mechanical ventilation.

In all cases, we established the diagnosis of acute AMR based on the combination of
histologic findings, presence of DSA, and exclusion of other causes of graft dysfunction.
Acute lung injury (ALI) was the predominant pathologic finding on H&E. This varied in
severity from a neutrophilic pneumonitis to diffuse alveolar damage (DAD) with widespread
hyaline membrane formation (Figure 2A). Frank capillary injury with fibrinoid necrosis and
peri-capillary neutrophilic infiltration was seen in 11 cases (Figure 2B). This finding was
conspicuous in some cases, but the presence of a focal infiltrate of neutrophils within
alveolar septa was characteristic (Figure 2C). Notably, capillary injury was not detected in
10 cases; acute pneumonitis with alveolar damage and fibrin exudates were the
characteristic findings in those cases. While these findings are non-specific, the diagnosis of
AMR in cases where capillary injury was not seen was supported by capillary endothelial
C4d deposition and circulating DSA. In all 21 cases, C4d deposition was detected in a
circumferential pattern in the capillary endothelium (Figure 2D). Four recipients had
concomitant acute cellular rejection (2 had ISHLT grade A1, 1 had A2, and 1 had A3), 1
recipient had concomitant obliterative bronchiolitis; there was no evidence of cellular
rejection in the remaining 16 cases.

All patients had DSA at the time of AMR diagnosis; 2 to class I HLA only, 15 to class II
HLA only, and 4 to both class I and class II HLA. Of note, 17 (81%) recipients had DSA to
the DQ locus and 8 (38%) to the DR locus. In contrast, 3 (14%) had DSA to the A locus, 2
(10%) to the B locus, and 2 (10%) to the C locus. At the time of AMR diagnosis, the mean
MFI of the immunodominant DSA was 5757±3062 (median: 4729, range: 2188-14232).
There was no significant difference between the mean MFI of class I DSA (5583±1646) and
to class II DSA (5100±2677) (p=0.53). We evaluated 18 patients' serum samples obtained at
the time of AMR diagnosis with the C1q assay retrospectively; samples were not available
for the remaining 3 patients. The C1q assay was positive in 12 patients (mean
MFI=24560±5972), negative in 3 patients, and had high background reactivity such that the
results were uninterpretable in 3 patients.

Two recipients had positive BAL fluid cultures for bacterial organisms (Pseudomonas
aeruginosa in both); the remaining recipients had negative BAL fluid bacterial cultures.
Three recipients had positive BAL fluid cultures for Candida species; the remaining patients
had negative fungal cultures. All recipients had negative BAL fluid DFA stains for
community-acquired respiratory viruses and negative BAL fluid cultures for CMV. Lastly,
all recipients had negative CMV blood PCR assays when AMR was diagnosed.

Our approach to treatment evolved over time and the regimen was individualized based on
severity of illness, clinical course, and response to therapy (Table 3). With treatment, DSA
became undetectable or cleared in 9 (43%) patients within a mean 83±77 days, but 12 (57%)
had persistent DSA. Five of the 15 (33%) recipients who had DSA to class II antigens
cleared the DSA compared to 2 of the 2 (100%) who had DSA to class I antigens and 2 of
the 4 (50%) who had DSA to class I and class II antigens (p=0.19). Of note, 5 of the 17
(29%) recipients who had DSA to the HLA DQ locus cleared the DSA compared to 4 of 4
(100%) recipients who had DSA to a non-DQ locus (p=0.01). Fifteen (71%) recipients
improved clinically with resolution of breathlessness, hypoxemia, and pulmonary infiltrates,
and were discharged from the hospital. Eight of the 14 (57%) recipients who required
invasive mechanical ventilation were successfully liberated from ventilatory support and
were discharged home. Six (29%) recipients died of refractory AMR during the index
hospitalization, and all had C1q-positive DSA. The remaining 6 patients with C1q-positive
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DSA improved and were discharged from the hospital. DSA clearance was associated with
clinical improvement; all 9 recipients who cleared the DSA improved clinically, while 6 of
the 12 (50%) who had persistent DSA improved and 6 (50%) died of refractory AMR
(p=0.012). There was no significant association between the time of onset of AMR after
transplantation and clinical improvement; 11 of the 14 (79%) recipients who developed
AMR in the first year after transplantation improved clinically compared to 4 of the 7 (57%)
recipients who developed AMR beyond the first year (p=0.31). Eleven of the 17 (65%)
recipients who had DSA to the DQ locus improved compared to 4 of the 4 (100%) recipients
who had DSA to a non-DQ locus (p=0.16).

Among the 15 recipients who improved and were discharged from the hospital, 1 had pre-
existing BOS and was excluded from the analysis of freedom from CLAD. Thirteen of the
remaining 14 (93%) recipients developed CLAD during the study follow-up, a mean
389±137 days (median 114 days) after the diagnosis of AMR (Figure 3A). In fact, 10 of the
14 (71%) recipients developed CLAD within one year of the diagnosis of AMR. There was
no significant difference in the incidence of CLAD after the diagnosis of AMR between
those who cleared and who had persistent DSA (Figure 3B, log rank p=0.27). Furthermore,
survival after the diagnosis of AMR was poor. Fifteen of the 21 (71%) recipients died during
the study period. 10 died within one year of the diagnosis of AMR (Figure 4A); 6 patients
died of refractory AMR and 9 of CLAD. However, recipients who cleared the DSA had a
significantly better survival after the diagnosis of AMR than those with persistent DSA
(Figure 4B, log rank p<0.0001); 3 of the 9 (33%) recipients who cleared the DSA died
during the study period compared to all 12 (100%) recipients who had persistent DSA.

The 21 recipients who developed AMR had a significantly better survival than the 26 who
developed allograft dysfunction and DSA but did not have C4d deposition (Figure 5, log
rank p=0.0001). However, we note that it is not clear that the 26 patients with allograft
dysfunction and DSA all had the same syndrome and believe that this is a heterogeneous
group with different causes of allograft dysfunction. Furthermore, the diagnosis of AMR
was not suspected prospectively in many of these patients and antibody-directed therapy was
not implemented.

Discussion
In this study, we characterize the clinicopathological findings and outcomes of 21 cases of
acute AMR after lung transplantation. These cases met criteria for AMR proposed by the
National Conference and the ISHLT Pathology Council. Importantly, these cases illustrate
that antibodies can directly injure the lung allograft and acute AMR may be a reversible
cause of allograft failure. However, a high index of suspicion is necessary to establish the
diagnosis and requires a multidisciplinary approach; testing for HLA antibodies is critical to
making the diagnosis. Furthermore, the histologic findings of ALI or DAD are non-specific.
Capillary endothelial C4d deposition underscores the role of complement in mediating the
ALI in those cases and confirms the diagnosis of AMR. Additionally, C1q positivity in the
majority of cases corroborates the paradigm of complement activation by DSA resulting in
ALI. However, C4d immunostaining of lung tissue has been fraught with practical problems
and inconsistent results (24, 25). A recent study of the pathology associated with DSA found
no correlation between C4d or C3d deposition and DSA or morphologic features of AMR
(25). Additionally, cases of AMR without C4d deposition are increasingly recognized in
kidney transplantation (26). Nonetheless, we included C4d deposition as a criterion for the
diagnosis in this cohort to develop a stringent definition of acute AMR in lung
transplantation, recognizing that C4d deposition may be inconspicuous or absent in some
cases that are otherwise consistent with AMR. A strict definition is likely more specific
although some cases may be missed. However, we believe that specificity is critical when
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describing a new syndrome and propose that the definition can be refined over time by
adding modifiers such as “suspicious for AMR” based on specific features. Nevertheless,
this definition needs to be validated in a multicenter study.

The majority of patients in this cohort had class II DSA, often directed at the DQ locus. This
is similar to our previous report of lung recipients who developed DSA without allograft
dysfunction and reports of AMR and DSA associated with poor allograft survival after
kidney transplantation (23, 27-30). However, reasons for the predominance of class II DSA
in this clinical setting are unknown, and we cannot glean any insights into the underlying
immunobiology from our data. However, proinflammatory cytokines can induce pulmonary
endothelial cells to upregulate and express class II HLA molecules (31). Indeed, endothelial
cell expression of class II HLA molecules was demonstrated in over 60% of lung allograft
biopsies in a previous study (32). These findings are consistent with the paradigm that
endothelial cells are the initial focal point of antibody-mediated injury.

There are inherent limitations to this study. Although we identified 21 cases among 484
recipients over an 8-year period, the incidence of acute AMR may be higher. It is likely that
less severe cases were unrecognized, and that some cases of unexplained allograft
dysfunction that were excluded may have represented AMR. However, we sought to
characterize a convincing series of cases to develop a preliminary definition that may serve
as a foundation for future studies. Nonetheless, it is possible that some cases of AMR may
be subclinical as most cases of acute cellular rejection are. Indeed, recipients with DSA have
been found to have pathology suspicious for AMR on routine surveillance biopsies (25).
This suggests that subclinical AMR may explain the association between DSA and CLAD
development. In addition, there may be different syndromes of AMR with unique features,
natural histories, and responses to treatment. An additional limitation of this study is that
C4d deposition may be an impractical component of the definition as the interpretation of
C4d staining in the lung has been difficult. Furthermore, the inter-reader reliability of C4d
staining has not been formally evaluated. Lastly, we used an arbitrary MFI threshold to
define DSA positivity. However, there is currently no widely accepted definition of DSA
positivity and different labs use different cutoffs. Future studies will be necessary to address
these limitations.

Despite the initial clinical improvement in many patients, long-term outcomes were poor
because of a high incidence of CLAD development after the initial recovery. We used
various antibody-directed regimens but cannot make firm conclusions about their relative
efficacy because the sample sizes were small and the decision to use a particular treatment
was individualized and based on the clinical course. Clearly, additional studies are necessary
to identify the optimal treatment, but an accepted and validated definition of acute AMR is
necessary before treatment trials can be conducted. In summary, we propose that acute AMR
after lung transplantation can be defined by the following criteria: allograft dysfunction,
DSA, pathology of acute lung injury, and capillary endothelial C4d deposition. A
multicenter study is necessary to refine and validate this definition.
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Figure 1. Study design and case selection. AMR, antibody-mediated rejection; DSA, donor-
specific anti-human leukocyte antigen antibody
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Figure 2.
Histopathological findings in AMR. (A) Diffuse alveolar damage with hyaline membrane
(arrows) formation (original magnification 400×) (B) Capillary injury with capillaritis
(arrows) and hyaline membrane (star) formation (original magnification 400×) (C)
Neutrophilic infiltrate (arrows) of the alveolar septa (original magnification 400×) (D)
Circumferential C4d staining (arrows) of the capillary endothelium (original magnification
400×)
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Figure 3.
Kaplan-Meier curves of freedom from chronic lung allograft dysfunction (CLAD) after
diagnosis of antibody mediated rejection (AMR): (A) All patients (B) Comparing those who
cleared donor specific antibodies (DSA) versus those with persistent DSA.
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Figure 4.
Kaplan-Meier curves of survival after diagnosis of antibody-mediated rejection (AMR): (A)
All patients (B) Comparing those who cleared donor specific antibodies (DSA) versus those
with persistent DSA.
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Figure 5.
Kaplan-Meier curves of survival comparing those with antibody mediated rejection (AMR)
by all four criteria versus those with allograft dysfunction and donor specific antibodies
(DSA) without C4d deposition. Note that it is not clear that the 26 patients without C4
deposition all had the same syndrome, but likely represents a heterogeneous group with
different causes of allograft dysfunction.
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Table 1
Patient demographics

Demographics Controls, n = 480 N (%) AMR, n = 21 N (%) p

Gender Female 208 (43%) 12 (57%) 0.26

Male 272 (57%) 9 (43%)

Age at time of transplant 51.4 ± 14.1 years 42.0 ± 16.2 years <0.01

Type of Transplant Bilateral 458 (95%) 20 (95%) 0.94

Single 19 (4%) 1 (5%)

Heart-Lung 3 (1%) 0 (0%)

Diagnosis COPD 135 (28%) 6 (29%) 0.21

A1AT Deficiency 28 (6%) 0 (0%)

Pulmonary fibrosis 161 (34%) 7 (33%)

CF 89 (19%) 5 (24%)

BOS / Retransplant 15 (3%) 2 (10%)

PAH 9 (2%) 0 (0%)

Other 43 (9%) 1 (5%)

CMV Status* D+ / R- 128 (27%) 9 (43%) 0.26

D+ or - / R+ 289 (60%) 10 (48%)

D- / R- 63 (13%) 2 (10%)

Allosensitized prior to transplant 136 (28%) 7 (33%) 0.63

A1AT: alpha-1-antitrypsin, BOS: bronchiolitis obliterans syndrome, CF: cystic fibrosis, COPD: chronic obstructive pulmonary disease, PAH:
pulmonary arterial hypertension

*
D+ / R-: donor positive/recipient negative, D+ or- / R+: donor positive or negative, recipient negative, D- / R-: donor negative/recipient negative
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Table 2

Induction and maintenance immunosuppression at the time of the diagnosis of acute antibody-mediated
rejection.

N (% of cohort)

Induction immunosuppression

 Basiliximab 14 (67%)

 Equine anti-thymocyte globulin 7 (33%)

Maintenance Immunosuppression

 Tacrolimus, mycophenolate mofetil, prednisone 12 (57%)

 Tacrolimus, azathioprine, prednisone 4 (19%)

 Cyclosporine, mycophenolate mofetil, prednisone 1 (5%)

 Cyclosporine, azathioprine, prednisone 2 (10%)

 Tacrolimus, sirolimus, prednisone 2 (10%)
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